Spin-on dopant technique has been investigated in the paper. The boron and phosphorus were used as p-and n-type dopant sources and were deposited on silicon substrates, followed by the baking process to evaporate the solvents from spin-on dopant layers. The standard drive-in process was applied to diffuse and activate the dopants. The curing temperature varied from 150 to 200 o C to investigate the temperature effect on dopant activation. It is suggested that for our selected spin-on dopant sources, the curing temperature and time of 175 o C and 60 minutes would lead to the best result of dopant activation during drive-in process, evidenced by the lowest sheet resistance, which was measured using four-point probe measurement method.
Introduction
Silicon has been the miracle material for the electronics industry that drives the digital revolution. The rapid "Moore's law" miniaturization of device sizes has yielded an ever-increasing density of fast components integrated on Si chips, pushing down feature size close to its ultimate physical limits. At the same time, there has been a parallel effort to broaden the reach of Si technology by expanding its functionalities well beyond electronics.
Si is now being increasingly investigated as a platform for building photonic devices (Soref & Lorenzo, 1986; Soref, 2008) . The huge infrastructure of the global Si electronics industry is expected to benefit the fabrication of highly sophisticated Si photonic devices at the costs that are lower than those currently required for compound semiconductors. Furthermore, Si-based optoelectronic devices make possible the monolithic integration of photonic devices with high-speed Si electronics, thereby enabling an oncoming Si based optoelectronic revolution.
After years of assiduous pursuing, Si-based optoelectronic device has found wide applications in the fields of photodetector (Berencén et al., 2017) , solar cell (Blakers et al., 2013) , waveguide, modulator (Shibuya et al., 2019) , etc. The Si industry demands doping techniques to precisely control the material electrical property. One conventional method is well established chemical vapor deposition (CVD), which however requires the use of furnace twice for pre-deposition and drive-in and could be expansive due to explosive source gas. The other widely used method is ion implantation, which involves the bombardment of Si with high-energy dopant ions that replace Si atoms in the lattice. This method offers excellent doping uniformity, however, the point defects and vacancies in the lattice introduced by bombardment process would degrade the material quality, and consequently deteriorate the device performance.
An alternative method is to use spin-on dopant (SOD), which spins a dopant-containing solution onto Si substrates, followed by the thermal curing and then the thermal diffusion steps (Teh et al., 1989; Martínez et al., 2016; Hoarfrost et al., 2013) . This method offers a number of advantages over conventional methods that were abovementioned: i) Room temperature spinning process and only one time furnace used for drive-in enable the SOD technique simple and rapid; ii) The SOD sources feature relative low-cost and safe, and therefore the monitor toxic gas can be eliminated; and iii) abandon of high energy dopant ions allow for SOD technique being nondestructive. However, the dopant activation is an issue which affects the effective doping concentration, which has been pointed out but is less studied so far. In this work, the SOD method for Si doping is investigated. Particularly, the curing temperature effect on dopant activation is studied, which suggests the optimized parameters to achieve the effective doping.
Experimental Method
The Si substrates (100, 750-µm-thick, 2-inch-diameter, single-side polished) used in the work are n-type (or p-type) doped with bulk resistivity of 1-5 Ω•cm. The wafers were chemically cleaned using standard RCA-1 process, and then the native oxide layer was etched using 6:1 buffered oxide etchant (BOE). The cleaning process was completed after DI water rinsing and drying.
The Filmtronics SOD B155 and P509 were used as p-type and n-type dopants, respectively. The spinning was done at 4,000 rpm (10,000 rpm/sec acceleration) for 40 seconds at room temperature using a photoresist spinner. The coated wafers were than cured in an exhaust oven for solvent evaporation. The curing temperature and time range from 150 to 200 o C and 20 to 60 minutes, respectively, aiming to investigate the curing temperature effect on dopant activation. The drive-in diffusion was carried out in a furnace at 1000 o C for 60 minutes. During the process, the non-oxidizing ambient was created to avoid the surface oxidation, which was achieved by flowing high pure nitrogen gas into the furnace tube at a flow rate of 5 slm.
After the doping process, the sheet resistance was then determined by using four-point probe measurement method: the current (I) passing through the outer probes and the induced voltage drop (V) across the inner probes were measured and the sheet resistance (ρ □ ) is calculated using:
The experimental process flow is shown in Figure 1 . 
Results and Discussions
The p-type boron SOD on n-type Si substrate was firstly investigated. The sheet resistance was measure at the center of each wafer, as shown in Fig. 2 . At curing temperature of 150 o C, as the curing time increases from 20 to 60 minutes, the sheet resistance decreases from 38.6 to 32.1 Ω/□. This is due to that the increases curing time could lead to more activated dopants during drive-in diffusion process. As curing time continue increasing (data not shown here), the sheet resistance does not further decrease, showing the saturation of activated dopants. It can be clearly seen that the curing temperature is not the higher the better, as effective doping may be reduced due to over thermal budget. On the other hand, the curing temperature and time can be tuned to achieve the desired sheet resistance, as appropriate higher temperature could compensate the shorter curing time to achieve the same result. The increase of wafer size is the trend for industry, and therefore the doping uniformity is essential. To investigate the doping uniformity, beyond center position (position 1), 4 other positions, labelled as 2-5, were measured. The distance between these points to position 1 is 1.27 cm (half inch). The typical sheet resistance under 40 minutes curing time is shown in Fig. 3 . At 150 o C, the sheet resistance varies from 35.5 to 40.2 Ω/□, exhibiting the uniformity degree of 90.1%. At 175 and 200 o C, the sheet resistance ranges from 16.1 to 18.8 Ω/□, and 16.3 to 18.5 Ω/□, featuring the uniformity degree of 86.7% and 90.4%, respectively. The uniformity shows almost independent of curing temperature, indicating the reliable of SOD technique.
It is worth to point out that the wafers we used are 2-inch in diameter, which is relatively small size mainly for experimental purpose. Theoretically, the larger size wafer would feature much better uniformity degree compared to small size wafer. Therefore, for the 8-or 12-inch wafers in current industry, the higher average uniformity of ~95% can be expected.
The curing condition of 175 o C for 60 minutes was then applied to n-type phosphorus SOD (Filmtronics P509) on p-type Si substrate. All other process flow is exactly the same as abovementioned. The measured sheet resistance is summarized in Table 1 . Resistance (Ω/□) 7.6 8.6 6.8 7.7 8.3
The positions are the same as shown in Fig. 3 inset. The measured sheet resistance is lower than p-type SOD on n-type Si substrate, which agrees with the instruction provided by Filmtronics. The uniformity degree is calculated as 82.1%, which is a bit lower than those shown in Fig. 3 . We would like to point out that since the curing condition of 175 o C for 60 minutes was optimized for p-type SOD on n-type Si substrate, it may not be the best condition for n-type SOD on p-type Si substrate. This condition can be the starting point to explore the corresponding optimized curing condition. The investigation method introduced in the paper would be the guidance towards delivering such goal.
The junction depth (x j ) was further calculated, as following (Backenstoss, 2013 ):
where t is the drive-in diffusion time (3600 seconds); N S is the effectively activated surface doping concentration, which can be estimated by measured sheet resistance; N B is the background doping concentration, which is ~10 according to bulk resistivity of 1-5 Ω•cm; and D is diffusivity, which is given by:
where k is Boltzmann's constant; T is absolute temperature; D 0 is a constant and E is activation energy. For boron dopant, the values of D 0 and E are 10.5 cm 2 /sec and 3.69 eV, respectively. The x j is summarized in Table 2 . From Table 2 , it can be seen that the junction depth only shows slight increase as the curing temperature increases from 150 to 200 o C, which is ~1.0 µm. The curing time also has less effect on junction depth. On the other hand, the effective surface doping concentration shows clear increase as temperature increases. For instance, for 20 minutes curing time, the effective surface concentration is almost doubled as temperature increases from 150 to 200 o C. Note that at 200 o C, as curing time increases from 20 to 60 minutes, the effective surface concentration reduces ~24.8%, which is consistent with our previous analysis, i.e., the increase of deactivated dopants at higher curing temperature with longer curing time.
Conclusion
In this work, the SOD technique was investigated on Si substrate. The curing temperature effect on dopant activation was disclosed. The optimized curing condition, i.e., 175 o C for 60 minutes was determined for p-type boron SOD on n-type Si substrate, leading to the sheet resistance, junction depth, and effective surface doping concentration of 12.2 Ω/□, 1.06 µm, and 4.70E20 cm -3 , respectively. Higher curing temperature and longer curing time could result in the increase of deactivated dopants during the drive-in process. The investigation method introduced in this paper is a guidance to explore the optimized curing condition for other dopant/material systems.
